The 16S rRNA gene sequences of 19 strains covering 97% of the molecules were determined for the members of the family Rhizobiaceae and related bacteria by PCR and DNA sequencer. The three biovars of Agrobacterium were located separately, whereas Agrobacterium rubi clustered with A. tumefaciens. Phylogenetic locations for the species of the genera Rhizobium, Sinorhizobium, Agrobacterium, Phylobacteriurn, Mycoplana (M. dirnorpha), Ochrobactrum, Brucella and Rochalimaea (a rickettsia) were intermingled with each other with the similarity values higher than 92%. The family Rhizobiaceae should be redefined including the above-mentioned genera despite the ability for plant association and nitrogen fixation. Bradyrhizobium japonicum and Mycoplana bullata were far remote from the other species and should be excluded from this family.
Introduction
The family Rhizobiaceae was described to consist of four genera [1] , Rhizobium, Bradyrhizobium, Agrobacterium and Phylobacterium. The phylogenetic relationships of the members of these genera are controversial. Rhizobium is distinguished from Agrobacterium by symbiotic characteristics and the ability for nitrogen fixation. However, the species of these genera were reported not to be separable phenotypically [2] and genetically by DNA-rRNA hybridization ex- periments [3] . Some eubacteria isolated from soil or clinical sources were reported to be related with A. tumefaciens phylogenetically [4] [5] [6] [7] . The intrageneric relationship of Agrobacterium has also been confused. The species of this genus have been defined based on the phytopathogenicity caused by the presence of Ti-plasmid. Numerical taxonomic studies [8, 9] and DNA-DNA hybridization studies [1] have revealed the presence of at least two major groups in the genus [1, 8, 10] . Each of the groups has been reckoned to constitute a biological species without correlation to pathogenicity. A third group was proposed [11] and was assigned to a newly created species, A.
vitis [12] .
We investigated the phylogenetic relationships of the members of Rhizobiaceae and related bac-116 teria by sequencing 16S rRNA genes. To obtain more reliable sequences, the sequencing strategy using polymerase chain reaction (PCR) and DNA sequencer was established and described.
Materials and Methods

Bacteria and cultivation
Bacterial strains used in this study are listed in Table 1 . The strains of Rhizobium, Bradyrhizobium and Sinorhizobium were grown in yeast mannitol medium [13] and other strains in nutrient broth (0.5% peptone, 0.5% meat extract, pH 7.0). All strains were grown at 30°C with shaking.
DNA preparation
After cultivation, about 50 mg of harvested cells were suspended in 0.2 N HC1 with brief vortexing. After centrifugation and decantation, cells were centrifuged and resuspended in H20 , and washed three times by vortexing and centrifugation. By this procedure, most of extracellular polysaccharides were removed [14] . The washed cells were resuspended in 50 mM Tris-20 mM EDTA, added with SDS (1.5% as final concentration) and lysed by incubating at 65°C for 15 rain. The lysate was treated with RNase A and Proteinase K followed by chloroform extraction and isopropanol precipitation [15] . Crude DNA was purified by the phenol extraction, chloroform extraction and isopropanol precipitation [15] .
PCR and sequencing of the products
In order to generate sequence templates, PCR was carried out two times. First, 16S rRNA genes were amplified by PCR performed in a standard protocol [16] with some modifications as follows: 200 nM each of the primers, 1 ng of total DNA and 1.25 U of Taq polymerase per 100 /~1 reaction mixture. The primers used for PCR are listed in Table 2 . The temperature program was Table 1 Bacterial strains used in this study (Table 2) gave products which possessed the same sequence as that of dye-labelled primer. The second PCR condition was the same as the above except that 1 /~1 of the first PCR reactant was used as template. The second PCR products were purified by the chloroform extraction and ultrafiltration using Ultrafree C3TK unit (Millipore, Bedford, USA) in accordance with the protocol of the unit.
Nucleotide sequences were determined by using the DNA sequencer model 373A and the Dye Primer Cycle Sequencing Kit, -21M13 (Applied Biosystems, Foster City, USA) in accordance with the manufacturer's directions. Sequencing reaction was performed using 0.3-0.4 pmol DNA template and 4-6-fold molar excess of dyelabelled primer according to the protocol (appendix B) of the kit.
Analysis of nucleotide sequences
A phylogenetic tree was reconstructed by the neighbor-joining method [17] from Knuc values derived from the sequences determined in this study and available from publications [18] and GenBank Nucleotide Sequence Database. The sequence data determined in this study will appear in the DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession numbers D12781 through D12798 and D13294, as shown in Table 1 .
Results and Discussion
The 16S rRNA gene sequences of 19 strains of 18 species of the family Rhizobiaceae and related bacteria (Table 1) were determined. The PCR-sequencer strategy generated more than 1410 nucleotides corresponding to 97% of the whole molecule. Most of nucleotides were confirmed by sequencing the complementary chain of the DNA. The number of nucleotides which could not be determined was less than 10 throughout the sequence.
A. tumefaciens IAM 14141 is the same strain as DSM 30150 of which complete 16S rRNA sequence was determined by Yang et al. [19] . The nucleotide positioned 718 (E. coli numbering system) was 'G' by Yang et al., whereas it was 'A' in our results. This difference could not be caused Table 2 Primers for PCR
5'-same as above -GTAGTCCACGCCGTAAACGA-3' DLP+IIOOF 5'-same as above -AAGTCCCGCAACGAGCGCAA-3' DLP+520R 5'-same as above -GCGGCTGCTGGCACGAAGTT-3' DLP+920R 5'-same as above -CCCCGTCAATTCCTTTGAGT-3' DLP+1190R 5'-same as above -GACGTCATCCCCACCTTCCT-3' Combination of primers for second PCR DLP + 20F-820R DLP + 520R-20F DLP + 420F-920R DLP + 920R-390F DLP + 800F-1540R DLP + 1190R-800F DLP + 1100F-1540R F and R denote primers used for forward and reverse sequencing, respectively. DLP denotes dyeJabelled primer.
118 by PCR-sequencer strategy because nucleotide profile was very clear and sequencing of the complementary chain of the gene gave the corresponding nucleotide.
The sequences of 19 strains determined were aligned and compared with those of other members of Proteobacteria. Knuc values were calculated for 1186 nucleotides ranging from position 27 to 1450. Nucleotides undetermined for any of the sequences were excluded from the calculation. Fig. 1 shows an evolutionary distance tree based on Knuc values. The genera Rhizobium, Sinorhizobium, Agrobacterium, Phyllobacterium, Mycoplana (M. dimorpha), Ochrobactrum, Brucelia and Rochalimaea formed a phylogenetic group with the similarity values higher than 92%. This group was distinct from the other members described as a-2 subgroup as well as a-l, -3 and -4 subgroups of Proteobacteria [20] . This phylogenetic group is referred to as 'Rhizobiaceae group' in this paper.
'Rhizobiaceae group' includes the animal pathogenic, plant pathogenic and non-pathogenic (Fig. 2) . The sequences were characteristic of the phylogenetically clustered species. These variable regions can be used for the identification of each taxon. Woese [20] reported that nucleotide 'U' positioned 1026 was one characteristic nucleotide for the a group. The nucleotides from A. rh&ogenes, A. vitis, Rhizobium leguminosarum, Rhizobium galegae and Rhizobium tropici were 'C'. The characteristic nucleotide should be pyrimidine at this position.
In terms of phylogeny based on 16S rRNA gene sequences, the family Rhizobiaceae should be redefined for 'Rhizobiaceae group' despite the biological behavior. The data presented here form a framework that will aid a reclassification of the taxa within the family Rhizobiaceae and related organisms.
